1. Introduction {#sec0005}
===============

Sea urchin aquaculture has the potential to provide a high value nutrient source that can be harvested in a sustainable manner ([@bib0105]; [@bib0170]; [@bib0195]; [@bib0190]; [@bib0015]; [@bib0285]). Specifically, edible sea urchins are harvested for their gonads, which are commercialized as a high value food in many areas of the world ([@bib0185]). Their gonads are known in markets as 'roe' or 'uni' ([@bib0010]). Since the 1980s, a variety of culturing methods for sea urchins have been developed in Japan and Europe ([@bib0210]). However, there is a need to develop and optimize sea urchin aquaculture as natural populations cannot sustain demand ([@bib0105]; [@bib0015]; [@bib0285]). Efforts to grow sea urchins in an aquaculture setting have been implemented in many countries including Canada, the United States, Mexico, Chile, Japan, Ireland Scotland, Belgium, Norway, Israel, New Zealand, and France ([@bib0210]).

Challenges in sea urchin aquaculture emerge as a direct consequence of their bi-phasic life history ([@bib0235]). Specifically, planktotrophic sea urchin larvae are characterized by long larval periods during which they experience high mortality rates. When these larvae settle (i.e. the ecological transition from the plankton into the benthos) in response to environmental cues, competent larvae typically require biofilms and food sources in their benthic environment. The mechanisms driving this transition has been under investigation for many years (e.g. [@bib0100]; [@bib0125]; [@bib0095]). In laboratory settings and natural environments, mortality rates are typically high during the first week post-settlement. In fact, for several sea urchin species, over 90% of newly settled juveniles die during these early stages of juvenile development ([@bib0135]; [@bib0300]; [@bib0085]). While this is likely a consequence of predation in the benthic habitat, physiological changes occurring on the level of the juvenile sea urchin's digestive system when it switches from a larval to an adult diet also likely play an important role ([@bib0185]). However, little information exists on the physiological and developmental mechanisms underlying early juvenile growth and development. To improve methods for post-settlement survival and to optimize juvenile growth in aquaculture, more information is needed on the maturation of the juvenile digestive system in sea urchins.

The sea urchin *S. purpuratus* is broadly distributed along the Pacific west coast and its gonadal tissue is edible ([@bib0290]). This species has also been used extensively to study a broad range of research questions from gene regulatory networks in early embryonic development ([@bib0200]) to community ecology ([@bib0245]), and was the first free-living marine invertebrate to have its complete genome sequenced ([@bib0310]). In contrast to processes such as fertilization and embryonic development, late larval development and metamorphosis are less understood on a physiological and developmental level ([@bib0345]; [@bib0305]; [@bib0120]). Similar, to other sea urchin species, early juvenile stages of *S. purpuratus* are lacking key feeding structures such as a functional mouth and digestive system ([@bib0140]; [@bib0205]; [@bib0335]). Therefore, post-settlement sea urchins rely solely on larval reserves in the early days post-settlement ([@bib0065]). This may impose nutritional stress on juveniles and have consequences on post-settlement performance. Furthermore, it raises the interesting question of how pre-settlement feeding may impact post-settlement performance ([@bib0155]; [@bib0225]; [@bib0230]).

Little information currently exists on molecular and physiological processes regulating post-settlement growth and development in *S. purpuratus*. For example, from both, an ecological and aquaculture perspective, it would be beneficial to gain information about transcriptional changes post-settlement that are correlated with juvenile growth and performance as they could then be used to develop molecular markers for the assessment of juvenile health.

The insulin/insulin-like growth factor signalling (IIS)/Target of Rapamycin (TOR) pathway (IIS/TOR) is both conserved and universally important in linking life history traits such as growth, reproduction, and aging to nutritional status ([Fig. 1](#fig0005){ref-type="fig"}). Specifically, the increase of glucose and amino acid levels lead to the secretion of insulin like peptides (ILPs), which in turn initiates IIS/TOR signaling via protein kinases ([@bib0050]). TOR has been shown to regulate cell growth, autophagy and synthesis of proteins. FoxO on the other hand is a transcription factor, which is inhibited by insulin signaling and therefore has opposite effects from TOR. Although, [@bib0340] discussed some of the regulatory functions of FoxO genes in embryonic development of sea urchins and [@bib0265] found that S. *purpuratus* ILP1 transcript and protein expression level and localization are determined by food, there is little information available on this pathway in the metamorphosis of marine invertebrate species as the majority of information from invertebrates originates from *Caenorhabditis elegans* (e.g. [@bib0240]) and *Drosophila melanogaster* (e.g. [@bib0330]). It is therefore interesting to explore this pathway in the context of nutrient signaling in the sea urchin.Fig. 1Summary of Ill/TOR signaling. The diagram emphasizes the role of four target genes analyzed in this study (ILPs 1 and 2, TOR and FoxO) in response to nutrient changes in the environment. This scheme was adapted from work done on different organisms: *Drosophila melanogaster* ([@bib0060]), *Daphnia pulex* ([@bib0030]) and *Drosophila* ([@bib0020]).Fig. 1

Herein, we present new data on early juvenile growth and the IIS/TOR pathway from *S. purpuratus*. In addition to documenting early growth trajectories in response to artificially grown biofilm and natural settlement substrates, we analyzed gene expression patterns of marker genes from the IIS pathway, a major regulatory system involved in nutrient signaling. Finally, we tested how pre-settlement nutrition affects post-settlement growth trajectories and expression of marker genes.

2. Materials and methods {#sec0010}
========================

2.1. Animal spawning {#sec0015}
--------------------

Adult *S. purpuratus* (Loma Marine Invertebrate Lab, Lakeside, California) were maintained in the Hagen Aqualab (University of Guelph, Guelph, Ontario) in filtered artificial seawater (FASW) on a 12:12 light cycle in recirculating artificial seawater at 12 °C and 34 ppt salinity. Adult urchins were fed rehydrated kelp (*Laminaria sp.*) *ad libitum* throughout the year. For one experiment, sea urchins from Slip Pt Washington were maintained at the Friday Harbor Laboratories (University of Washington, USA) during the summer 2016. Adults were fed fresh kelp and reared in 0.45 μm filtered natural seawater.

2.2. Sea urchin fertilization and culturing {#sec0020}
-------------------------------------------

Sea urchins were spawned via gentle shaking and/or intracoelomic injection with 0.5--1 ml of 0.5 M KCl. Females were inverted over a small glass beaker (∼200 ml) filled with 0.45 μm FASW. The gonopores were always in contact with the water while gametes were collected. For males, sperm was collected dry with a small pipette and stored at 4 °C until use. Eggs were allowed to settle and then washed twice before *in vitro* fertilization. For this, several drops of sperm were diluted in 10 ml of FASW and mixed well. Five drops of this sperm solution were added to the eggs and fertilization success was tested within 2--3 minutes. More sperm was added until fertilization success was higher than 80%. After that, fertilized eggs were distributed to a 600 ml of FASW (hatching beaker).

For culture setup, hatched embryos were collected from the upper layers of the hatching beaker and diluted to an initial density of 1 embryo/ml of FASW at 12 °C with *Rhodomonas sp*. at 6cells/μl. Water in cultures was changed every two days by reverse filtration using nitex mesh at 50--120 μm depending on developmental stage and size. Larval density was reduced to 1 larva/5 ml of FASW when larvae reached the 4 arm pluteus stage. Larvae were agitated by a stirring system as described previously by [@bib0315].

2.3. Competence test and juvenile growth assay {#sec0025}
----------------------------------------------

Artificial inducers of metamorphosis and settlement can be used in many marine invertebrate species ([@bib0250]; [@bib0090]). Specifically, potassium leads to the depolarization of membranes and has been shown to effectively induce settlement in echinoids (sea urchins and sand dollars − [@bib0320]). Therefore, larvae were visually assessed for metamorphic competence (i.e. development of juvenile skeletons and tube feet) and then induced with excess 80mMKCl (as an artificial inducer) for one hour. After exposure, larvae were returned to FASW. A total of 8 experiments on juveniles were performed and details on the design of these experiments can be found in Supplement 1.

### 2.3.1. The effect of artificially grown biofilm on juvenile growth {#sec0030}

We tested the effect of A) Biofilm grown from artificial seawater tanks (the same tanks in which the adult urchins were held in Guelph, ON; for details see below). B) Larval food (*Rhodomonas lens* at 6000 cells/ml) and C) AFSW on the juvenile growth. For more information, see the details in experiments number 1, 2, 3, 4 and 6 in Supplement 1. Fertilization for these experiments was performed during the period from 20th January 2016 until 13th July 2016. Over this period, 2135 larvae were collected from several competent cohorts. The following exposures were accomplished: 1) Pre-induction larvae: larvae collected before exposure to KCL. 2) Non-competent larvae: KCL exposed larvae, which did not settle. 3) Juveniles: KCL exposed larvae, which settled. Juveniles were collected from these experiments following 0, 2, 3, 6 and 11 days post-settlement and RNA was extracted. Biofilm plates for these experiments were prepared on a 12:12 light cycle in recirculating artificial seawater at 12 °C and 34 ppt salinity, where adult urchins were held in. Sterile 6 well plates (Falcon^®^, 531146, USA; Cell growth area 9.6 cm*^2^*) were submerged in tanks for a minimum of 2 weeks. Once ready, plates were visually inspected under the microscope to remove any potential zooplankton predators before competent larvae were exposed.

For each experiment, 20 juveniles were added to a well with 8 ml of FASW. Water in wells was changed every day. Juvenile morphological characters were measured from images taken on a Nikon Ti microscope. Morphological measurements were captured from randomly selected juveniles, which were grown on artificial biofilm, food and no substrate at 0, 2, 4, 6 and 8 days after induction. The effect of different substrates on juvenile growth from experiments 2, 4 and 6 (Supplement 1) were assessed. For measurements, juveniles were photographed in their wells by an inverted microscope and images were analyzed using ImageJ (Fiji − <https://fiji.sc/#>). Growth was assessed by measuring the juvenile test (calcified body wall) diameter and spine length. Note that we only measured adult spine length (*see* [@bib0220]) ([Fig. 2](#fig0010){ref-type="fig"}A, B).Fig. 2Juvenile morphology measured in our experiments (A, B). A is a juvenile at 6 days post settlement, while the juvenile in B is a different individual at 13 days post settlement. Different settlement substrates result in different test (C) and spine (D, E) growth in juvenile *S. purpuratus*. The response of spine growth and test growth is not directly correlated however. Specifically, relative spine length (the ratio of spine length over test area − E) is largest when juveniles are grown on biofilm (BF) and biofilm + food (F). We did not find a statistical interaction between food and biofilm on relative spine length (F). Stars indicate statistically significant difference between substrate and the control (FASW) based on a simple contrast post-hoc comparisons.Fig. 2

### 2.3.2. Assessing the effect of natural biofilm on the juvenile post settlement {#sec0035}

The biofilm from the natural inducer experiment at the Friday Harbor Laboratories (Experiment 5) was grown in sea tables over the course of 4 weeks in natural seawater. For all substrate experiments, juveniles were settled in 6 well multi-well plates (Falcon^®^, 531146, USA) with the appropriate substrate at 14 °C. Other procedures were identical to those outlined for artificial biofilm above.

### 2.3.3. Assessing the effect of pre-settlement feeding on post-settlement growth, mortality and gene expression {#sec0040}

On October 6th, 2016, 200 larvae from a competent cohort were separated into a starved or fed cohort (Experiment 7: Supplement 1). Larvae from the fed cohort were given *Rhodomonas* sp. for 5 days while, the other cohort was starved for 5 days. After induction of settlement, juveniles were transferred into replicate plates, and growth as well as mortality were assessed 0, 2, 4, 8 and 14 days post settlement.

For gene expression analysis, a separate experiment was setup with 1358 competent larvae, separated into a starved and fed cohort on November 30th, 2016 (Experiment 8: Supplement 1). After induction of settlement with KCL, juveniles were grown for 3 days and RNA was extracted.

2.4. Total RNA purification and cDNA synthesis {#sec0045}
----------------------------------------------

For all RNA extractions, juvenile, larval and embryonic samples were collected directly in 350 μl TRI Reagent^®^ Solution, (Ambion, The RNA Company, Direct-zol™ RNA Kit (Zymo Research) with the exclusion of as much *FASW* as possible. The samples were then immediately frozen at −20 °C. A minimum of 15 juveniles per sample was used. The following numbers of larvae were processed depending on developmental age/stage: ∼300 larvae/embryos for early stages (up to 3 weeks); ∼100 larvae for larvae older than 3 weeks; ∼15 larvae per sample for competent larvae. RNA was extracted from frozen samples using the Direct-zol™ RNA MiniPrep kit (Zymo Research \#R2050; Lot\# ZRC186120) according to the manufacturer's instructions. Briefly, samples were defrosted and 350 μL 100% EtOH was added to each sample. The sample was then loaded into Zymo-Spin™ IIC column in collection tubes and then centrifuged for 1 minute at maximum speed. Collection tubes were discarded and columns were placed into new collection tubes. Next, 400 μL RNA Wash Buffer was added to each sample. The samples were centrifuged for 30 seconds at maximum speed. Then, 80 μL Master Mix (5 μL DNase 1 plus 75 μL digestion buffer for each samples) was added directly to the column matrix. Columns were incubated at room temperature for 15 minutes. After that, samples were centrifuged for 30 seconds. 400 μL Direct-zol RNA PreWash was added to each column and centrifuged for 1 minute. The flow-was discarded. This step was repeated once. 700 μL of RNA Wash Buffer was added and centrifuged for 1 minute. The samples were then centrifuged for an additional 2 minutes. Columns were transferred to a 1.5 mL tubes. 25 μL DNase/RNase Free Water was added directly to each column matrix. Then, the columns were centrifuged for 1 minute, the quality and concentration of the RNA was assessed using a Nanodrop 8000 Spectrophotometer (Thermo Fisher).

cDNA was synthesized from total RNA immediately after extraction using the Applied Biosystems cDNA synthesis protocol. Specifically, 10 μL RT Master Mix (2 μL 10X Reverse Transcriptase Buffer, 0.8 μL 25X dNTP Mix (100 mM), 1 μL Reverse transcriptase, 2 μL 10X RT random primers, 1 μL MultiScribe Reverse Transcriptase, 4.2 μL Nuclease Free Water) and 10 μL RNA sample were pipetted into the appropriate PCR tube, sealed and placed in the thermocycler. The following cycling conditions were employed: 10 minutes at 25 °C, 37 °C for 120 minutes and 5 minutes at 85 °C. cDNA was stored at −20 °C until it could be used for qRT-PCR.

2.5. qRT-PCR (PCR) {#sec0050}
------------------

All qRT-PCR experiments were performed using a StepOne Plus™ Real-Time PCR System. Relative expression values were calculated using standard ΔΔCt method and SYBR green cycle with a ramp rate of 100% with ubiquitin as a control gene and different samples as a reference (see summary of experiments below for reference samples). The concentration of all primers was 300 nM and the reaction volume was 20 μL. The NCBI or SPU accession numbers in the herein study for *S. purpuratus* FoxO, TOR, ILP1 and ILP2 (IGF2) are XM_011669860, XM_011674982, SPU\_ SPU_007203 and SPU_030139, respectively. The primer sequences used for qRT-PCR can be found in Supplement 2. Note that in one experiment we directly correlated gene expression with morphological characters in juveniles. These measurements were done on the same individuals.

2.6. Statistical analysis {#sec0055}
-------------------------

All statistical tests were done using SPSS v23.0. We used t-test statistic for paired comparisons and ANOVA commands for multiple comparisons. For post-hoc tests, p-values were adjusted using Bonferroni corrections.

3. Results {#sec0060}
==========

3.1. Settlement substrate affects juvenile growth {#sec0065}
-------------------------------------------------

Juvenile morphology measured in our experiments are shown in [Fig. 2](#fig0010){ref-type="fig"}(A, B). A is the animal at 6 days old, while the animal in B is different individual at 13 days old. Different settlement substrates had no significant effect on test area (F~5,241~ = 1.56; p = 0.20; [Fig. 2](#fig0010){ref-type="fig"}C) but did on absolute and relative (ratio of spine length over test area) spine length (F~5,241~ = 23.62; p \< 0.01, [Fig. 2](#fig0010){ref-type="fig"}; (F~5,241~ = 17.27; p \< 0.01, [Fig. 2](#fig0010){ref-type="fig"}E). Biofilm (97 ± 13 μm; p \< 0.01), biofilm + food (97 ± 13 μm; p \< 0.01) and food alone (40 ± 18 μm; p = 0.03) all resulted in longer spines compared to the control. The relative spine length was larger in biofilm (3.5xE^−4^ 5.7xE^−5^) and biofilm + food (3.7xE^−4^ 5.8xE^−5^) substrate compared to the control. We also tested whether larval food and biofilm had an interactive effect on relative spine length by using food (present − 1, absent − 0) and biofilm (present − 1, absent − 0) as factors in a two-way ANOVA. 2F). We found a significant effect of biofilm (F~1,241~ = 36.70; p \< 0.01) but not food (F~1,241~ = 2.76; p = 0.10) on relative spine length. There was no interaction between food and biofilm as substrates on relative spine length (F~2,241~ = 1.58; p = 0.21).

3.2. FoxO is upregulated in post-settlement juveniles {#sec0070}
-----------------------------------------------------

A survey of temporal gene expression patterns post-settlement was performed using 4 target genes from the IIS/TOR pathway ([Fig. 1](#fig0005){ref-type="fig"}) over three-time points for four different settlement substrates: FASW, FASW + Food, Biofilm and Biofilm + Food ([Fig. 3](#fig0015){ref-type="fig"}). As outlined in the Materials and Methods, more than 15 individuals per sample were used to minimize biological variation. We also performed the experiment with two technical replicates. FoxO and ILP2 proved to be consistently up-regulated in 6-day old juveniles compared to 2-day old juveniles for all substrates except food alone, where we observed a drop-in expression over time. Expression levels of TOR and ILP1 were too variable to detect any consistent trends.Fig. 3Survey of target genes expression levels in juvenile *S. purpuratus* as a function of food (F) and biofilm (BF) 2 and 6 days post-settlement. All expression levels are expressed as fold change relative to ubiquitin and post-induction juveniles (day 0).Fig. 3

In order to statistically analyze target gene expression level changes throughout development (i.e. pre-and post-settlement), we calculated average fold change from three biological replicate samples for juveniles, using non-competent larvae as a reference (expression level of 1--not shown; [Fig. 4](#fig0020){ref-type="fig"}A). Using a one sampled t-test we found a significant increase of FoxO (t = 2.43; p = 0.05) expression in juveniles. Expression levels of all other genes did not change significantly.Fig. 4Target gene fold change of juvenile *S. purpuratus* on different substrates. All expression levels are in reference to non-competent larvae A) Average baseline gene expression levels of pre-induction and juveniles (0--6 days). Asterisks indicate significance relative to reference stage (expression level of 1) in one sample t-test. B) Average gene expression levels in response to natural inducer (coralline alga: *Calliarthron tuberculosum*) decreases for ILP2 and increased for TOR in juveniles compared to non-competent larvae at the same age.Fig. 4

In a separate experiment at the Friday Harbor Laboratories (University of Washington, USA), we tested whether natural inducer, the coralline alga *C. tuberculosum*, had a significant impact on gene expression patterns post settlement ([Fig. 4](#fig0020){ref-type="fig"}B). For this, we used non-competent larvae immediately after biofilm exposure as a reference sample and tested expression levels in non-competent larvae and juveniles after 6 days. These results are all based on independent biological replication (3 replicates). We used an independent sample t-test to compare expression levels in juveniles, compared to non-competent larvae of the same age. In comparison to non-competent larvae, juveniles showed reduced levels of FoxO (t = 1.96; p = 0.16) and ILP2 (t = 1.54; p = 0.17); neither was statistically significant. We did, however, detect a significant decrease in ILP1 expression in juveniles compared to non-competent larvae of the same age (t = -2.45; p = 0.05) and an increase in TOR expression levels (t = -2.44; p = 0.05).

3.3. Juvenile growth correlates positively with IIS expression changes {#sec0075}
----------------------------------------------------------------------

We tested whether target gene expression levels correlate with morphological characters of juveniles from experiment 4 and 6 ([Fig. 5](#fig0025){ref-type="fig"}). Both morphological characters were positively correlated with gene expression changes for all tested four target genes ([Table 1](#tbl0005){ref-type="table"}) on the basis of individual larva.Fig. 5Juvenile growth of sea urchins (A) and spine growth (B) positively correlate with gene expression patterns of all target genes across experiments. For correlation analysis see [Table 1](#tbl0005){ref-type="table"}.Fig. 5Table 1Analysis of correlation coefficients (CC) between morphological traits and gene expression levels. CC: Pearson Correlation Coefficient; Sig.: 2-tailed significance; N: Number of replicate larvae.Table 1Spine LengthFold ChangeFoxOILP2TORILP1FoxOILP2TORILP1SizeCC.57.57.57.87.71.41.92.50Sig.0.030.030.02\<0.01\<0.010.13\<0.010.17N15151591515159Spine LengthCC.29.63.55.32Sig..3.01.03.4N1515159

3.4. Pre-settlement starvation affects post-settlement survival and IIS gene expression {#sec0080}
---------------------------------------------------------------------------------------

In order to assess the effects of starvation during the competent period on post-settlement performance, we starved competent larvae for 5 days and then compared their growth and spine growth to larvae that were fed normal food ration (6 cells/μl) during the competent period ([Fig. 6](#fig0030){ref-type="fig"}A-C). Using an independent sample t-test, we found that starvation during the pre-competent period had no effect on test area ([Fig. 6](#fig0030){ref-type="fig"}A − t = 0.12; p = 0.91) but had a significant effect on absolute spine length ([Fig. 6](#fig0030){ref-type="fig"}B − t = 5.71; p \< 0.01). We also found that juvenile survival curves post-settlement diverged notably 2--8 days post-settlement in that larvae starved during the competent period showed high mortality during that post-settlement period. Specifically, both pre-settlement treatment (i.e. fed versus starved) and time post-settlement had a significant effect on mortality (Food treatment − F~1~ = 23.00; p \< 0.01; Time post-settlement − F~10~ = 18.62; p \< 0.01). We did not find a significant interaction between food treatment and time post-settlement (F~1,10~ = 1.23; p = 0.27). In gene expression analysis, inconsistent results for ILP1 in late larvae and early juveniles were noticed. This inconsistency is probably due to very low expression levels and we therefore decided to focus on ILP2, which was expressed at higher levels. When we analyzed the effect of pre-settlement starvation on gene expression ([Fig. 7](#fig0035){ref-type="fig"}) and found that larval gene expression of FoxO and TOR was reduced post-starvation, while ILP2 expression was increased post-starvation. We detected a decrease in FoxO expression and an increase in TOR and ILP2 expression post-settlement as a consequence of starving larvae pre-settlement ([Table 2](#tbl0010){ref-type="table"}).Fig. 6Competent larvae that are starved before settlement grow the same test size (A) but longer spines (B, C) post-settlement. Starved larvae show significantly higher mortality 2--8 days post-settlement (D).Fig. 6Fig. 7Gene expression levels for FoxO, TOR ad ILP2 as a consequence of pre-settlement starvation. We tested gene expression levels using qRT-PCR for three target genes as a consequence of a five-day starvation of competent larvae pre-settlement. Larval gene expression of FoxO and TOR was reduced post-starvation while ILP2 expression was increased post-starvation. We detected a decrease in FoxO expression and an increase in TOR and ILP2 expression post-settlement as a consequence of starving larvae pre-settlement.Fig. 7Table 2The results of the expression profile of TOR, FoxO and ILP2.Table 2StageGeneMean (Gene)Sd (Gene)Mean (Control)Sd (Control)dCt (Gene)sd-dCt (Gene)ddCt (Sample)sd-ddCt (Sample)fold-meanJuv0FoxO33.110.2727.80.265.310.3800.381Pre-starvation1FoxO27.880.0420.690.587.190.581.880.580.27Pre-induction N1FoxO-32.710.090.090.09Pre-induction F2FoxO27.060.1520.460.266.60.31.290.30.41Non-competent N1FoxO36.400.0430.320.626.080.620.770.620.59Non-competent F1FoxO33.310.1426.070.097.240.161.930.160.263Days-settelment N2FoxO26.330.1021.970.074.360.12-0.950.121.943Days-settelment F1FoxO27.780.0224.370.083.410.09-1.90.093.73Juv0TOR30.460.9227.80.262.660.9500.951Pre-starvation1TOR22.370.1220.690.581.680.59-0.980.591.98Pre-induction N1TOR37.1532.710.094.430.091.770.090.29Pre-induction F2TOR22.570.0620.460.262.110.26-0.550.261.46Non-competent N1TOR-30.320.620.620.62Non-competent F1TOR28.370.5026.070.092.30.51-0.360.511.283Days-settelment N2TOR22.340.1021.970.070.370.12-2.290.124.893Days-settelment F1TOR25.460.9624.370.081.10.97-1.560.972.95Juv0ILP230.550.1427.80.262.750.300.31Pre-starvation1ILP225.850.0820.690.585.160.592.410.590.19Pre-induction N1ILP237.1032.710.094.390.091.640.090.32Pre-induction F2ILP225.720.1220.460.265.250.282.50.280.18Non-competent N1ILP236.6830.320.626.370.623.620.620.08Non-competent F1ILP231.440.6726.070.095.370.682.610.680.163Days-settelment N2ILP226.900.1021.970.074.930.122.180.120.223Days-settelment F1ILP230.360.1624.370.085.990.183.240.180.11

4. Discussion {#sec0085}
=============

The transition of planktonic sea urchin larvae into the benthic habitat is poorly understood from a mechanistic perspective and analyses so far have not focused on markers of early juvenile growth. Here, we analyzed growth trajectories of settled juveniles before the onset of feeding as well as their morphology using simple morphometrics. This study also evaluated the usability of molecular markers from the insulin/insulin-like growth factor signalling (IIS)/Target of Rapamycin (TOR) axis and found that Forkhead Box class O (FoxO), a negative regulator of IIS/TOR is predominantly upregulated post-settlement. These data provide new insights into mechanisms underlying the onset of feeding in juvenile sea urchins and provides evidence for carry-over effects of larval feeding on early juvenile growth trajectories and performance. Our data have implications for sea urchin aquaculture, as metamorphosis is a determining factor for benthic recruitment and with that juvenile population size ([@bib0085]; [@bib0300]).

4.1. IIS/TOR signaling genes as markers for juvenile development {#sec0090}
----------------------------------------------------------------

IIS/TOR signaling is a critical regulator of body size in animals ([@bib0080]) as it provides a link between nutrient intake and the hormonal regulation of growth ([@bib0115]; [@bib0175]). While increase of glucose and amino acid levels lead to the secretion of insulin like peptides (ILPs) ([@bib0050]), food restriction reduces the synthesis and secretion of ILPs ([@bib0035]; [@bib0150]; [@bib0070]). The TOR pathway reacts to intracellular amino acid levels to control Akt in a cell autonomous mode ([@bib0130]). Because of this interaction between the two pathways they are frequently referred to as the IIS/TOR pathway. FoxO is generally considered a negative regulator of growth and its activity is inhibited by the IIS pathway ([@bib0165]; [@bib0355]; [@bib0350]). In sea urchin pluteus larvae, this pathway has recently been implicated in nutrient signaling [@bib0265], and [@bib0045] hypothesized that it may be linked to the phenotypically plastic response of pluteus larvae and exogenous food levels. During the peri-metamorphic period, juvenile sea urchins develop a functional digestive system and gain the capacity to feed in the benthic environment. Hence, they deplete larval reserves during these early days post-settlement ([@bib0075]; [@bib0220]). We hypothesized that changes in the IIS/TOR pathway would reflect these changes in feeding mode and potentially correlate with depletion of endogenous resources during the first days of juvenile development. Specifically, we predicted that FoxO would be up-regulated as juveniles deplete their resources while TOR and ILP expression should be suppressed. These predictions are based on numerous studies, showing that FoxO is negatively regulated by insulin signaling (see above).

We found that FoxO is consistently up-regulated post-settlement in sea urchin juveniles. In contrast to that, TOR and ILP expression levels were generally low and more variable in post-settlement juveniles. These results suggest that FoxO may provide a useful biomarker of post-settlement nutrient stress. FoxO genes have many different regulatory functions in sea urchins, some of which have been discussed for embryonic development ([@bib0340]). Little to no information, however, exists on the function of these genes in juvenile development. Future studies may assess exactly what the function of FoxO is post-settlement. As a regulator of growth rate, it may play an important role in coordinating post-settlement growth and metabolism and is therefore suitable as a marker of juvenile growth in aquaculture.

4.2. Biofilm exposure post-settlement induces a long spine morphology and increases FoxO expression {#sec0095}
---------------------------------------------------------------------------------------------------

Marine habitats provide a diversity of settlement substrates for competent larvae, many of which likely contain specific chemical or mechanical cues, indicative of the suitability of the habitat for juvenile growth and survival. These substrates can be coralline algae, kelps as well as marine and microbial biofilms ([@bib0085]; [@bib0275]; [@bib0055]; [@bib0160]). Still, the composition of these substrates and their contribution to juvenile growth and development has rarely been analyzed (see [@bib0220]; [@bib0325]). Bacterial biofilms can provide cues for the settlement of larvae ([@bib0180]). [@bib0145] found that the rate of settlement was reduced by autoclaving algae and rocks, and by applying antibiotic treatments reduced the settlement rate of the sea urchin *Heliocidaris erythrogramma*. This research emphasizes the role of bacteria in the settlement process of marine invertebrates.

We tested the effects of biofilm and larval food on juvenile development post-settlement, before the onset of feeding, (i.e., the peri-metamorphic period *sensu* [@bib0075]). While biofilm grown from artificial seawater appears to change the ratio of arm length to test diameter, it does not affect juvenile test size. These results are indicative of an early juvenile plasticity related to the substrate composition. Previous studies have identified extensive spine growth plasticity in juvenile sea urchins in areas of high wave action (shorter spines − [@bib0295]) or in response to interspecific competition ([@bib0215]). However, neither of these factors apply to our experiment and future studies will have to determine which signal from the substrate is responsible for this plastic response. This is particularly important, as we observed this plastic response before the opening of the juvenile mouth. Therefore, the cue contributing to this plasticity is unlikely to be dependent on the nutrient content of the biofilm or algae.

In order to separate the effect of larval food from juvenile substrate, we also tested whether the exposure of juveniles to algae can affect spine length. We did not find any evidence that the addition of algae affects spine length morphology. In fact, the factorial analysis of food x biofilm, clearly showed that the increased spine length phenotype is a consequence of biofilm and not larval food. This suggests that increasing the spine length is a response to either the settlement substrate itself or to declining endogenous resources. Intriguingly, we did find that pre-settlement starvation leads to a long juvenile spine phenotype, suggesting that the response may be related to the nutritional status of juveniles. It is for example conceivable that the artificial biofilm signals that the substrate is unsuitable for growth and the increased spine length would enhance juvenile protection and/or mobility. Future studies will have to address the question of early juvenile spine length plasticity.

In addition to the phenotypic changes of the juvenile we also found that FoxO expression increased in response to artificially grown biofilm. While FoxO expression appears to generally increase in juveniles' post-settlement, independently of settlement substrate, we did find a reduction of expression if only food is provided. These findings suggest that although post-settlement juveniles are morphologically different from larvae, their ability to sense planktonic food may remain.

4.3. The Effect of larval starvation on juvenile survival and growth {#sec0100}
--------------------------------------------------------------------

Nutrient levels are directly linked with IIS/TOR signaling ([Fig. 1](#fig0005){ref-type="fig"}) as this pathway regulates metabolic as well as behavioral processes. These processes can change plastically in order for the organism to adjust to changing nutrient environments. We found that a short period of starvation during the competent period does not affect juvenile size but significantly increased juvenile spine length. While [@bib0110], [@bib0025], [@bib0005] and others found extensive phenotypic plasticity in sea urchin larval arms in response to nutrient levels, nobody has so far described this plasticity in juvenile spines. Furthermore, the starvation treatment also resulted in a slightly different mortality trajectory in that starved larvae produced juveniles experiencing increased mortality during the first week post-settlement. Juvenile growth rates can be negatively affected by short periods of larval starvation ([@bib0270]; Pechenik et al., [@bib0255], [@bib0260]). This reduction is typically due to either starvation for short times or food restriction during larval development. Juveniles require several days to develop functional mouth and digestive system. During this period, they use up their larval reserves. Starvation before settlement may lead to the reduction of these reserves. Indicators of reduced larval reserves can be found in lipid stores in the larval stomach or can be reflected by reduced juvenile size ([@bib0040]). Note that these parameters were however not measured in our experiments.

[@bib0220] found that short periods of starvation pre-settlement resulted in longer spines relative to test size, these findings largely correspond to our findings. This time period roughly overlaps with the juvenile pre-feeding period and it may indicate that larvae, which have been starved pre-settlement are exhausting their internal (larval) reserves earlier and therefore experience higher mortality, as we observed in out experiments.

Our data also show that FoxO, a potential marker of nutritional stress ([@bib0045]) is expressed at lower levels in juveniles, which experienced a starvation treatment during the competent period in comparison to those that did not. This is exactly the opposite of what we would have expected based on FoxO function in starvation in other organisms ([@bib0280]). However, the developmental rate of juveniles metamorphosed from starved larvae was reduced compared to juveniles metamorphosed from fed larvae. Therefore, juveniles at the same time may not be at the same developmental stage. While this hypothesis could be further assessed by a detailed morphological analysis of the development of Aristotle\'s lantern, we found preliminary support from our findings that FoxO expression generally increases post-settlement, likely because juveniles are depleting larval reserves (see above). This hypothesis is further supported by the fact that ILP2 expression is higher in juveniles, which were starved as larvae compared to juveniles that were fed.

4.3. Implication for sea urchin aquaculture {#sec0105}
-------------------------------------------

High mortality of newly settled sea urchin juveniles is a major challenge in sea urchin aquaculture ([@bib0135]; [@bib0300]; [@bib0085]) and our results provide evidence that some of that mortality may be caused by both pre-settlement nutrient environment and indirectly, settlement substrate. Specifically, we found that upregulation of FoxO as larval reserves are depleted, before the juvenile is capable of feeding. FoxO could also be used as an indicator of stress. For example, larvae grown on biofilm from natural seawater showed no upregulation of FoxO in comparison to non-competent larvae (which are likely nutrient deprived). Together these findings provide preliminary evidence that FoxO may be a useful marker for post-settlement growth and health and this information is useful when screening cohorts of juveniles in an aquaculture setting.
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